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\Ingrlt*t ic Inllndse- Vrlocity ( lIIV ) gaugrs tvm~ used to 111(’il+llr(~ t11(JiIlil)llls(~
iln(] ,artick-t’t’hwitv -fh’ld~ ilt discrc’te LagrcWlgiim posiri(nls in tww SilIll])]t’S of tllit
‘f.ATb txplosive P~.\ 9502. Each sample was shock drivtm by a 6.4 mm Iii}-t*r of r(’-
iict irlg supm-fk T.ATB ( p,, = 1.S0 g/cm3 ), which ~~i~~ itsrlf sil(wkvl hv a gas Iritwl
projt~ctik. Thr gallgr ltist(yics of particle vckxitv and im Nk. i~ll(l t~~c dmiwd
displm=rmnt history wrt= sIImdtiLIm-msly fit to the piirtii h t’riviltivm of 111(’IIlil SS-

(Iisplacmnrnt mm-mnt function m-nploying R single srt of l)~iim(’t(’rs. [Thr flmcti(m
{1]s(}qivrs VOIIMI1(’,eIwrgyt Imrssurr nnd thrir tixxw drrimtivw. ~ k~it 11ill] ;ISSIIIINS(I

xuixtlm’ rquntion of stn:r, tlw rractkm ext.rnt ;Mld rekwt ion r:lt c wrrr CillClllilt.t’(1,
~TII,I t\w) mpminwnts wmr (.oll)l)i~r(~({ iul({ riltt~ (.orr(*liltioIls” mvv-v (lxillllil~(~(l.

*\\”llI’~ 1)1’l”fi)l’ill!’11 1111111’1’ 1]1(’ llllSl)iN’S of 1]11”[“, S, l)l’[)lll’1 111!’111 I d’ l’:lll’l”L;,)’,



Lagrangian axmlysisl’6 is the application of the con-
smvat ion laws of mzss and moment urn to flow data (Jb
tained from gauges embedded in a mate-ri,al. The gauges
,are designed to disturb the flow M little as possible. and
in the Lagrangian analysis am assumed to be massks
and moving with the flow. The amdysis uses the mea-
sured m.riables (such as particle velocity, stress, and im-
pulse ) and the conservation laws to form surfaces ov~r
the Lagra.ngian ( h, r ) domain of the mmsured variables
and of derived variables ( such as volume. stress. and en-
ergy ). Generally. the surfaces are not fluid-dynamic so-
lutions because certain essential information (such as the
equation of state. constitutive relation, or reaction rate)
needed to construct the solution is unknown and is it-
self the object of the experiment. Rather. approximat-
ing surfaces am formed that fit the data ill some opti-
mum way and that have a subset of the physical proper-
ties of a solution. The anid~sis for remtion rate is com-
pleted by the assumption ot a rmmtant product equa-
tion of state P = P( 1’, e. w). and its time derivative

F’. = –( fc )2 V, + Pul U.,. wherr w = mass fraction of
~mdccomposed rracttmt. r = sprri!ic mmrgy, and 1“ =
specific volume,

The data set may comprise data from sr; oral cxper-
inlents or a single experiment, with m’,lltiplt~ gauges. such
;W tlw \IIV i~s~ll~l)l~ kcnld here.

1
h,(r)

1(}1,T) “ I/( //’, T)/),, {I/i’ ,

h
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T

I(h. r)=
/[ 1P(h. r’)– Po dr’ .

r.(h)

where

h,(T) = position of the shock.

Ts(h)= arrival time of the shock,

{an d

P = the pressure.

These data. along with shock-front data, form the
b,asis for a Lagrangian an,alysis in which approxima-
tions to 1. u and other flow md state variables arc con-
structed,

Cornmon!y the method for constructing the surface

u and 1 is thr Path-Line Method3 in which a family of
lines (roughly parallel to the shock line) are chosen so
that earh line ruts each of the gauge histories. Then a
(me-dimensional fit is math of u and 1 on each LZXIusing
as data the vtducs of u and 1 at the intersections of the
])i\th lim- with thr history Iinrs.

EXPERIMENT

Th(’ ~’xldosivv P13X W)? (T.ATB 9fi’fi/I{A F .jil )



shown in Figure 1. Of course, the magnitude and pro-
ii.le of the shock entering the PBX 9502 depends upon
the projectile velocity and the superfine booster thick-
ness. Accordingly. three preliminary experiments were
done to find an appropriate boater thickness. The last
of these. the 6.4-mm thick superfine TATB booster. was
a composite double wedge in which the shock track of
each wedge face recorded. The two YfIV experiments
were both made with a 6.4-mm superfine booster. The
project ile velocities. howe~~er. were slightly different.

For the composite double wedge (Shot G6S4 ), the
shock trajectories of both faces were simultaneously
rworded by a single streak camera. The T.ATB booster
w,as impact shocked by a 1l-mm VISTAL impactor (p. =

3.959) mounted on a gas-gun projectile with velocity of
1.112 rnm/ps. The shock trajectories were each fit by
a m-mparametric data smoother TFLS that allowed a
discontinuous derivative (shock velocity ) at the TATB-
PBX 9502 interface. The shock velocities are shown
in Figure 2. The shock velocity of one side is higher
throughout than that of the other side, which may havv
resulted from wave tilt. .4 portion of the initial shock
trajectow was lost from each.

Similarly, in the MIV auge experiments (Shots
%G705 and Gil 7 ), the TAT boosters were shocked by

\: IST.\L-faced gas-gun projectiles of velocities 1.116 and
1.134 mm/ps. The MIV gauge as.semblia were plamd at
{an angle of 30 0 relative to thr charge face in tho two-
inch di,wnetm PB.X 9502 rhargm. 3Tmninal]y. the irnpdw
;]I1(II)twticle- v(’locit,y gauges are located 1. 2, 3, 4. and
.j-n,m derp into thr PBS 9502 ami am isoh-ttwl from tw(J-
(iimwwional rffrcrs for tiw duration of thr t’xpcrimrnt i~l
rwxml. The shock-trajectory fiata ar~ the shock arl-ival
!irm’s at tilr particl(’.v(’locity gilu es and the shock vr](w-

firirs infrrrrd from t lw Hug(miot, ( ‘q = 2.773 + 1,S99 u,, )
iul(l tlW shock-jlmlp particle whwitit=s, T]w shock ;lr-
ri~d t irlw is t iLk’11 itt tht~ Ini(his(t of tllr par,ich’- v(’kwity
qllllf+’, TIN sll{)(.k l)iutirlc~ ~w,lo(.ity is tlI(’ (~~tri~l)oliit.(~(1
~idllt~ of tllr])nrti(.lt~-v~~locity history at tl~<~sil(wk iu-

riinl t i[lw. T]i(’ sl]ork Vr](wlty frmll n ~ill]lilt 1111(’011S l(~ilst

\(llliLr(*s fit, (){ s])ock positiorl” ilIl(l vrlw-ity arc Sh(WIl ill
I:igllrr 2.



tiws. and shock-path derivative of the mass-displace-

ment moment funct ion.~

a“’T’=J:,h)dT’lh’(r’) ‘(h’-T’)pOdh’ ~

Note that

/

r
ci(h. r) = I(h. T’)dT’ ,

r,(h)

the impulse time integral. and that b:; reversing the or-

der of integration

h,(r)

ct(}l.. 7) =
/[

.Y(}I’. T) – .1-.( h’)] polfh’ .
h

the displacement moment. where .Y( A. ~ ) is the
E~lclidean space position and .Ys( h) is the Euclidean
space position at shock arrival. Partial derivatives of o
are thr Iunrtions associated with mass and momentum
consrrvation~ only energy need be integratml separately.
Figure 3 shows the partial derivatives of a; moving in
r!w tablediqqx-mlly downward lt’ft indicates differen-
ri;ltion in La~rangian ciistanw h (and diagonally right
in(licates diffment iation in time r. For rxmnple thtm

iYfi/Oh: = poq. &a/&2 = P - PO. and &O/ilh~r
–/),, 11, whrrr q = 1 – \“/\~ is thr volumr strain. on
tlw shock line ct(h, ~s( h.)) = 0. &~/~~ = 1 = O, and
ih /ilh = –p.~.Y = 0. whrr~~ A.Y = -1” – .Y~. Furthrr-
m(mI. first drrivativm of 1 and – p,, Al- ahmg the shm.k
Il;lth yirld tlw R:ulkill~-Hl]g~)x~iot. sh(rk-jlunp rr]ntions.
illl! 1 s(w’[NI(l flf’rivilt ivm (arc t 11(’kinmnat.ic sllock-ch{allgr
V(lmtions. In prarticc n is rqmwlltlefl as a flmctitm :)f
ti;nr aftrr ~!io~k arrivid. thus f~(h. r ) - j( h. r – 7,(h))
;Ul(i I)nqwrtirs of (i ilr(’ iil~plit’tl to .j. .Nort” tlmt (lrrivw
r iv{’s of n iuld ,j snl isfy

5



Subscripts of 1 and 2 denote partial differentiation of 3
with respect to first and second ,a.rguments. The shock
line is thus placed on the abscissa axis of the function 3.
Thus 322( h, O) is the pressure on the shock line and the
shock-line conditions applied to !3 give J( h, O) = O and
(3J/& )( h. (1) = O. which reduces the number of prram~-
ters necessary for the least-square fit. The function may
be expanded piecewise with each sub area being bounded
by a time Line similar to 7S(h) and with appropriate con-
tinuity conditions applied.

For the least -squares fit of a, particle velocity and
impulse data are entered as the partial derivati~’es a~~ =
–/Jo U and a. = 1. Particle-velocity histories are also
individually smoothed and integrated to give displace-
ment data ah = –pO&?i-u The shock-trajectory pres-
SL e is determined by an Independent least-squares fit
(a? described above) and is used as a constraint. The
function 322( h. O) is the shock pressure and is completely
determined by the sho~k trajectory. Smoothing ten-m of

(qhh)2. (~br)2. and (~~~ )2 are added to the least-squares
merit function. The smoothing is necessary to dampen
the untoward effects on the volume strtin q and other
subsequently derived variables of energy. reaction extent
and reaction rate caused by the gauge to gauge calibra-
tion uncertainty in particle velocity and impulse.

The streak-camera trace and the individual MIV
gauge histories were fit by a new rmnparametnc lea.. t-
squarc method Tabular Function Least Squares (TFLS).
In this method the hst-sqm.rc function is reprcsenttw]
,M a table j:l.~,). i = 1. .VF with an ixssociatml illter-
I)[)liit ion flmct ion G, wht=re G( {:, j }, r ) = interpolatml
~allw ;it r. Thr table {s} is uniformly spared over the
domain of the fit. (TINDcurrent choices for G are linear
or cubic intrrpcdation on a central intm-val. ) Smoothness
is ind~wwl upon the tablr by adding to the mrrit func-
t i(nl t hr sum of the squarrs of the .Vt h ~mler forwnrd-
ditfm-rnrr (qx’rat(w owr t hc intrrior t:d)ldar points. Thlls
~ivrn (!ata {(r,, y, )}. thr merit flmrtion

is IlliIlilllizf’({ Ivit]1 r(~sl)(v.t to t,lw t;ll)l(’ {j, }, wlwrr .YD -=
III1lIIINT of (Iilt;l ])oil]ts. .YF = Ilunll)(’r of tnl)ldar I)oillts.
:Iml .Y = (mlrr f]f tll(’ (liff(’r(’Ilw f)])(’lilt or.

G



Following the determination of ~he function Q( h. 7 )
by least squares fittin ,

J
the reactant mass fraction w is

found by solution of = P( 1“,e. w). an assumed solid
and product mixture equation of state. The reactant
(solid) EOS was taken to be a Mie-Griineisen form with
a first shock Hugoniot reference line. The parameters are
[“, = 2.773 +1.8!19uP. I’O = 1.50. PO = 1.893. The product
EOS was also a Mie-Griineissen form with a BKW calcu-
lated detonation isentrope reference line. 8 Two mixture
n.des were applied. The il.rst is temperature and pressure
equilibrium. The second is pressure equilibrium with tan
isentropic solid in which solid isentrope for each mass
point passes through its first shock (V. e, P) point.

RESULTS

Comparisons of the data. o surface lines, and de-
rived reaction graphs for shots Cx705 and G717 are shown
in Figures 4 through 13 with shot G 705 appearing on the
left. In Figure -1 and 5, the impulse and particle-velocity
data histories and o partial-derivative lines are shown.
The particle-velocity graphs show that shot G717 was
subject to higher irutial shock pressure. The impulse his-
tories are simil~ but those of G717 are steeper, whkh is
reflected in the pressure graphs of Figure 6. Constant-
time profiles (snapshots) are shown in Figures 7, S. and
9 at times of 0.2, 0.4, 0.6.0.8.1.0, and 1.2 p. The snap-
shots verify that the a surface is well behaved between
the gauge positions.

\Vith the ntixtllre equation of state, the mass frac-
tion of rractant histories am calculated fc]r Langrrmgiim
pmitions oi 2.0. 2.5. 3.0. 3.5. and 4.0 mm; points well in-
terior to the Lagrangian domain. Figure 10 shows t hr
m,ass-frac tion histories; no exponential first order rear-
tion tail is -n. although such a feature may be lost in
the least-squares fitting.

The tim~ clm-ivntivr of - ln( w ) is graphed versus
prt=ssure in Figurr 11. which shows that the reaction ratr
is m)t a s!mph’ function of prrssurr Tiw rraction r;Lt(? is
graplwd versus equilibrium twnpermturr in Figurr 12 md
versus isrlltropir solid t(’mptm-d,ur(~ itl Figllr(* 13, T1l(I
ismtrq)ic solid tempt!ratlm is (It’ptmdtmt only on tiw ini-
tial shock axl(l the subsvqlwllt soli(l compression history
:uI(I t Iwrcforr c;lnm)t IN*mqmt WI t () Cl(wrly rdh-t rr~\c-
t.it)[l. Tll(’ SOIVW1rtwctiotl List(wim f~w I II(I two ~l(]lliltioll
of srdr,v rllixtlu-(. rld(w wvrr ill(list ilIjgllisllill)lt’.

i



Each of the reaction or reaction-rate graphs does
show that the reaction rate is initiall}’ slow following the
shock and increases in time thereafter. indicating some
incluction process.

Unfortunately, the reacticm-ra te function or system
is not obvious from the common graphs ar. d will require
fur:her study of rate forms for its deduction. -+ possible
method to examine a reaction-rate function (or system)
is to integrate the rate form by using th~ derived state
histories and compare the integrated reactant histories to
the derived react ,ant histories in the context of a nonlin-
ear least -squares opt irnizat ion.

s
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FIG URE 1. MIY G.4UGE EXPERI?lENTAL ASSEM-
BLY.

FIG~;RE 2. SHOC’K TRAJECTORY VELOCITIES
FOR DOUBLE WEDGE SHOT G684 ( LINES), MIV
SHOT G705 (CIRCLES). .+ND .MIV SHOT G717
(SQUARES).

FIGL-RE 3. THE FL:NCTICN a AND ITS P.4RTIAL
DERIV.4TIVES.

FIGURE 4. IMPULSE GAUGE DATA AND O, LINES
FOR SHOTS G705 (LEFT) .~ND G717
(RIGHT}.

FIGT.’RE 5. P.\ RTICLE VELOCITY GAUGE DATA
-+XD -lha~,, LINES FOR SHOTS G705 (LEFT) AYD

G717 (RIGHT).

FIGURE 6. PRESSURE AT THE GAUGES (Q.. ) FOR
SHOTS G705 (LEFT) AND G717 (RIGHT).

FIGURE 7. PARTICLE VELOCITY SNAPSHOT PRO-
FILES AT SLY TIMES (t = 0.2,0.4, ~. . . 1.2) FOR
SHOTS G705 (LEFT) AND G717 (RIGHT).

FIGURE 8. DENSITY SNAPSHOT PROFILES .4? SIX
TIMES (t = 0.2.0 .4..... l.?) FOR SHOTS G’705 (LEFT)

-ND G717 (RIGHT).

FIGURE 9. pRESSURE SNAPSHOT PROFILES A SIX
TIMES ( t = 0.2.0 .4..... 1.2) FOR SHOTS ’705 (LEFT)
.\XD G717 (RIGHT).

FIGL-RE 10. M.MS FRACTION OF REACTANT HIS-
TORIES AT h = 2.0.2.5.3.0, 3.5, and 4.0 FOR SHOTS
G705 (LEFT) .4XD G717 (RIGHT).

FIC;L-RE 11. TIME DE1311”-\TIVE ok” –In( us ) HIS-
TORIES AT h= 2.0. 2.5.3.0.3.5 and 4.0 FOR SHCTS
G703 (LEFT) ASD G717 (RIGHT).

FIGURE 12 RE.4CTIOX RATE HISTORIES VER-
SUS EQCILJ3RIC\f TEMPER.4TCRE AT h= 2.02.5.
3.0. 3.5 ami 4.0 FOR SHOTS Gi05 (LEFT) AND G717
(RIGHT).

FIGURE 13. RE.4CT10S R.ATE HISTORIES \“ .RSUS
ISEXTROPIC SOLID TEMPERATURE AT h = 2.().

Z.S, 3.o, 3,5 u(1 4,0 FOR SHOTS G’ioJ (LEFT) .~ND
G717 (RIGHT).
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FIGURE 3. THE FCXC’T1OX n .4XD ITS P.ARTI.4L
DERI\”.4TIVES,



MIV Shot G705
Gauge P(lin:s & Surface Lines
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FIGL-RE -I. :>lPULSE GA I’CJE D.4TA AND n, FIT
LJSES FOR SH(JTS G705 [ LEFT) AND G7~i
I Rl{; lfT).



MIV Shot G705
Gauge Points & Surface Lines
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MIV Shot G717
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FIG[.’I{ E 5. I’AR’I-lC’I. E \“EL( K’lTY GAUGE DA’[’A
.-\?iD -I:,oh., LINES FOR SHOTS (;709 (LEFT) ANl)
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MIV Shot G705
Time Derivative of hpulse
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FIGI.~RE 6. PRESSURE AT ‘rHE GAUGES (t-t,,) F(III
SHOTS G705 (1.EFT) AND (;717 (RIGHT).



MIV Shot G705
Snapshot
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FIGURE 11. T1~\lE DElil\’.A’l’1\~E OF –In(w) HIS-
TORIES AT h= 2.0, 2.5, 3.0, 3.5 ;md 4,() FOR SHOTS
G705 (LEFT) AND G717 (RIGHT).
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FIGURE 12. REACTION I{ATE HISTORIES VER-
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FIGURE 13, REAC’I’I(?N RATE HISTORIES VERS[JS
ISENTROPIC SOLID TEMPERATURE AT 11= 2.0,
2.5, 3.0, 3.5 and 4,0 Foil SHOTS G705 (LEFT) AND
G717 (RIGHT).


